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SUMMARY 


An alternative to the stepped-dome design for the lean premixed prevaporized (LPP) 
combustor has been developed. The new design uses the same premixer types as the 
stepped-dome design: integrated mixer flameholder (IMFH) tubes and a cyclone swirler 
pilot. A rectangular sector combustor has been designed and the hardware procured. The 
IMFH fuel system has been taken to a new level of development. Although the IMFH 
fuel system design developed in this Task is not intended to be engine-like hardware, it 
does have certain characteristics of engine hardware, including separate fuel circuits for 
each of the fuel stages. The four main stage fuel circuits are integrated into a single 
system which can be withdrawn from the combustor as a unit. Additionally, two new 
types of liner cooling have been designed. Both of these designs utilize single-piece 
compliant heat shields containing no joints that could leak cooling air, yet retain the 
ability to accommodate thermal stresses without warping. These designs also appear to 
offer benefits in ease of fabrication. This combination of advantages is especially 
desirable for slave liners for LPP sector combustors. 

Tests were carried out at the Southwest Research Institute (SwRI) on GEAE Dome 
Configurations 4, 7, 11, and 14 of the cyclone swirler pilot over a wide range of pressures 
and temperatures. The resulting lean blowout data was found to correlate well with the 
Lefebvre parameter. As expected, CO and unbumed hydrocarbons emissions were shown 
to have an approximately linear relationship, even though some scatter was present in the 
data, and the CO versus flame temperature data showed the typical cupped shape. 
Finally, the NOx emissions data was shown to agree well with a previously developed 
correlation based on emissions data from Configuration 3 tests performed at GE. The 
design variations of the cyclone swirler pilot that were investigated in this study did not 
significantly change the NOx emissions from the baseline design (GEAE Configuration 
3) at supersonic cruise conditions. 


iii 
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2.2 Sabtask Br Pilot Stage Premixer Performance Evaluation 

The objective of Subtask B is to test design modifications of the cyclone s wirier pilot. 
The design modifications are intended to improve the premixing with the goal of 
reducing NOx emissions at supersonic cruise inlet conditions without compromising the 
low power operability performance essential for a pilot stage premixer. This objective is 
addressed in Section 3.2. 

2.3 Subtask C: Deliverables 

Submission of progress reports, semi-annual oral briefings, and a final report will 
complete the Task 43 requirements. 



3.1 Subtask A; MRA 2D Sector 

The multi-stage radial axial (MBA) combustor sector is the next phase in the evolution of 
the LPP low NOx combustor. As originally proposed in early 1994, the MRA concept 
arranged the IMFH tubes on what would normally be the outer liner and placed the pilot 
in the front of the combustor, inline with the diffuser. The basic concept was to eliminate 
the steps in the main domes by forcing flow from the pilot along the main dome (the outer 
liner) from the lower to the higher fuel stages. This, it was theorized, would prevent air 
from unfired stages from flowing into the recirculation zones which stabilized the flames 
from the fired IMFH tubes. The flowfield was also designed to force the mixing between 
the lower fired stages and the higher unfired stages. This mixing, it was theorized, would 
improve the combustor exit temperature profile during partial fuel staging. Further 
advantages of the MRA design were improved cyclone pilot centerbody positioning and 
improved placement of the combustor ignitor. 

3.1.1 Aero-ThermaS Design 

CFD analysis of the original MRA design concept indicated that the exit profile 
advantages could be realized, although not as easily as was hoped. That CFD modeling 
was performed in LET Task 10 and those reports should be consulted for more detailed 
information. The original CFD model with a regular array of tubes on the outer liner did 
not yield good penetration of the jets from the IMFH tubes Into the main combustor flow 
and offered no advantage in exit profile over the stepped-dome arrangement. Several 
strategies for improving the mixing were then tried before a good part-staging profile was 
demonstrated with the CFD model First, the tube diameters were increased, with very 
little improvement in the penetration. The IMFH tubes were then aligned such that the 
jets were in the wake of the jets from preceding tabes. This was somewhat successful. 
However, it had the major disadvantage of requiring a lot of trial and error to optimize the 
tube location, since the flowfield of the combustor along the outer liner is not obvious. 
The final strategy proved to be the most successful, embodying two new strategies for 
improving jet penetration. The new strategies were to arrange the IMFH tubes so the jets 
were aligned with the swirl vortices from the pilot and to alternate the pilot swirl 
directions. Together, these resulted in excellent penetration of the IMFH tube jets. The 
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me orner stages were ii owing, that 


er heat transfer model assumed that 

all of the fuel, including the pilot fuel, flowed to 

the inner radius of the IMFH fuel 

manifold before flowing out to their respective stage 

ss. For both of these designs, even 

when all of the main fuel stages (Le., IMFH stages) % 

r ers turned off, the entire IMFH fuel 

assembly would remain cooled by the flowing fuel. 


the IMFH fuel assemblies to the pilot fuel injectors. 



MilMlllIililMll 

benefited from the higher fuel flows, which simulta 

neously offset the increased rate of 

heat transfer. The highest bulk fuel temperature rises 

and wetted- wall temperatures occur 

at initial descent from the supersonic leg of the missio 

n. 

The major change in the MRA combustor design 

(of “flipping” It over) occurred in 

August and September of 1994. In September, the 
proposed schedule of this Task and the mechanic 

aero design was frozen to meet the 
:al design was started in earnest. 

Because time was lost in making the changes, no tim 

e was spent in analyzing the layout 

of the IMFH tubes after they were moved to the forw 

ard dome. Essentially, the identical 

layout that had resulted in the best profile when the 

tubes were on the outer liner was 

applied to the forward dome. In any case, there wa 

s no one available to run the CFD 


for this new layout were obtained at 

a later date under the CPC contract and are discussed 

n Section 3.1.5. 
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ssion, was the angle or me iron! 

bulkhead or dome. A 45-degree dome was chose 

n at first and used for the sector 

combustor (angles are expressed relative to the axis o 

f the engine). The advantage of the 

45-degree dome was that air from later stages was foi 

reed to mix into the bulk flow from 




note that subsequent to that decision, the favored dom 

ie design has evolved from 45 to 75 

to 90 degrees. This trend has been driven by the desi: 
and shorten it as much as possible. 

re to simplify the combustor design 

The main dome of the MRA 2D sector has four bank' 

> of 14 IMFH tubes each. Eleven of 

the tubes in each bank are an pled 1 5 deerees in the < 

circumferential direction relative to 
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memoer eliminates me great in 
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dome is attached. 



The selected configuration for 

the mam dome heat shield uses a thm sheet of a high- 

■a— 

thick Haynes 230) riveted to the structural impingement 

baffle (see Figure 9). The attac 

hng rivets are located in dimples, pressed into the shield 

material in a regular pattern. T1 

its allows the rivet heads to be located away from the hot 

areas of the heat shield and 

forms standoffs which become the impingement cavity 

between the plate and the shie 

d. The spent impingement air is dumped into the IMFH 

tube exit through radial slots 

cut through the end of the IMFH tubes. The slots are 

strategically aligned with the in 

npingement cavities formed around the ends of the tubes. 


n was simply scaled from the previously successful 5-cup 

stepped-dome sector. A 3D AN 

SYS analysis of the dimpled material and rivet connection 

wsc tn investigate weak ai 

reas of the design. The results suggest that the material at 
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me mka id sectors inner 

ana ouier imer assign uses a secona cooung soneme 

involving another design for 

compliant heat shield. This design attempts to solve 


gement/convective design used in the 5 -cup stepped-dome 

2D sector. These problems are 


the impingement baffle and he 

at shield, and [3] excessive warping due to hot regions 

which are constrained by cold 

flanges. The inner and outer cooled liners of the MRA 

sector are constructed of a com 




the cavity created between the 

corrugated panel and the thicker mounting plate. The 




t as the impingement system used in the 5-cup stepped 

sector. The corrugated materia 

t! is similar to existing material used in heat exchangers; 

however, unlike the available 

miforxnly spaced corrugation, the pattern spacing of this 



surrounding ridged (uncooled) 


provides a compliant barrier be 

tween the very hot gas side and the cool backside. This 

system could not be employed 

on the side walls, since the corrugated material cannot 

have any intrusions through th 

g wall without disrupting the cooling flow in a channel. 

Thus, the dimpled material usee 

1 on the main domes is used for the side walls. The spent 


edges through fabricated channels and is discharged 

downstream of the combustor e: 

dt. 




install than other designs. 

The fueling device methodology used in the 5-cup 

stenrsed-dome rip- does not worl 

c in the MRA configuration. The same design features of 
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3.2.4 Combustor Testing 

Testing of all four pilot dome configurations (GEAE Configurations 4, 7, 11, and 14) was 
completed in July, 1995. Emissions measurements were made for all four configurations 
over a range of test conditions and lean blowout limits were established. 


3.2.5 Data Transmittal and Analysts 

The data acquired for all four dome configurations is presented in Appendices A-D. 
Analysis of the data led to the results discussed below. 

As shown in Figure 22, the lean blowout limits were found to correlate well with the 
Lefebvre parameter: 1 


4>lbo = C, x [Vref / (P 4 0 - 25 X T 3 x exp(T 3 /270))f 16 + C,, 


where C- ; and €2 are empirical constants whose values depend on the geometry of the 
combustion zone. However, the lean blowout data for [V ref/(P4°' 2S xT 3 x exp(T 3 /270))] 016 
greater th an approximately 0.3 is not well-correlated. It is hypothesized that the 
discrepancy is a result of incomplete mixing of the fuel and air at these test conditions. 
This transition to a non-premixed mode of combustion is what leads to the observed 
increase in flame stability relative to the premixed case (i.e., a leaner lean blowout 
equivalence ratio was measured than was predicted by extrapolation of the correlation to 
larger values of the Lefebvre parameter). The remainder of the data (i.e., 
[Vref/(?4 G - 2S xT 3 x exp(T 3 /270))]°' i6 less than approximately 0.3) matched the correlation 
quite well. The curve-fit to the data indicates that Cj is approximately 2.83, with an 
offset (C 2 ) of 0.285 for the four configurations tested. 


Figure 23 shows the NOx emissions data for ail four configurations plotted against a 
correlation developed from prior cyclone testing (i.e., GEAE Configuration 3). The 
correlation is of the form: 


where, 


NO*c*. , 0 — (£/)= 0JS241 59 + 4.1 6681 8 EI„„ SP m 


El, 


gas! 


■■ f(msec)xexp 


-72.28 + 2.8^(70 


T p: (K) 

38.02 _ 


SR 


NOx 


P^psia )^ 0 ' 4 
432.7 y 


x exp| 


■460) -1027.6 


349.9 


4“ 


6.29 

532 


x = residence time (msec) = (p 4 Vol com b)/w 3 6 
T pz = primary zone temperature (K). 


Also note that SPnox is the NOx severity parameter, and T pz =T 4 for these experiments 
(since there are no IMFH tubes). 
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curves show the anticipated “cup” shape for ail four configurations. 
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5.0 CONCLUSIONS 



from the baseline design (Configuration 3) at supersonic cruise conditions. 
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Figure 5. MRA 2D Sector Exploded View 
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Figure 12. MRA 2D Sector CONCERT3D Grid - Top View 
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Figure 13. MRA 2D Sector CGNCERT3D Grid - Side View 
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Figure 19. MRA 2D Sector Temperature Distribution (R) - Plane 22 (Side View) 
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Figure 21. Swirl-cup Configuration for the SwRl Tests (Corresponding to GEAE Configurations 1 1 and 14) 
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